Synchrotron radiation-based Fourier transform infrared (SR-FTIR) spectromicroscopy is a newly emerging analytical tool capable of monitoring the biochemistry within an individual living mammalian cell in real time. This unique technique provides infrared (IR) spectra, hence chemical information, with high signal-to-noise at spatial resolutions as fine as 3 to 10 microns. Mid-IR photons are too low in energy (0.05 -0.5 eV) to either break bonds or to cause ionization, and the synchrotron IR beam has been shown to produce minimal sample heating. However, an important question remains, "Does the intense synchrotron beam induce any cytotoxic effects in living cells?" In this work, we present the results from a series of standard biological assays to evaluate any shortand/or long-term effects on cells exposed to the synchrotron radiation-based infrared (SR-IR) beam. Cell viability was tested using alcian blue dye-exclusion and colony formation assays. Cell-cycle progression was tested with bromodeoxyuridine (BrdU) uptake during DNA synthesis. Cell metabolism was tested using an MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay. All control, 5-, 10-, and 20-minute SR-IR exposure tests (267 total and over 1000 controls) show no evidence of cytotoxic effects. Concurrent infrared spectra obtained with each experiment confirm no detectable chemistry changes between control and exposed cells.
INTRODUCTION
Recent progress in analytical instrumentation has enabled dramatic advances in gene sequencing and protein identification techniques. Using the information produced by these techniques, the attention of biomedical researchers is now increasingly focused on understanding how chemical species interact in living organisms by the use of imaging techniques which simultaneously provide both morphological and chemical information within cells and tissues. Today intensive research in experimental biology, spectroscopy, and analytical instrumentation is seeking new ways to image chemical information within living cells. For correct elucidation of the cellular chemistry it is imperative to maintain the viability of the cell during and after the collection of the chemical image. Most imaging research has focused on the application of fluorescent probes that locate and identify a specific chemical event within the cell by the addition of a labeling compound. A major concern is the viability of the cell and possible biochemistry changes as a result of the monitoring and imaging process. To enhance viability by the reduction of bond breaking and ionization during fluorescent measurements, two-photon excitation at longer wavelengths has been used to lower the toxic effects of potentially bond-breaking UV or visible radiation on the sample. [1] [2] [3] [4] However, even this has recently been linked to apoptosis-like death. 3 In contrast to fluorescent labeling techniques, synchrotron-based Fourier transform infrared (SR-FTIR) spectromicroscopy has the ability to monitor the chemistry occurring within an individual living cell without the need for labels and with even lower photon energies. Infrared (IR) spectroscopy is a sensitive analytical chemistry technique for studying biological systems. Many common biomolecules, such as nucleic acids, proteins, and lipids have characteristic and well-defined IR-active vibrational modes. 5, 6 Combining IR spectroscopy with microscopy yields a powerful tool for non-destructively probing bio-systems on a small size scale. 7 With the recent addition of a synchrotron light source [8] [9] [10] [11] [12] one can now obtain diffraction-limited spot sizes with high signal intensity in an IR microscope. This high brightness is of great advantage when measuring samples with a spatial resolution near the diffraction limit of 3 to 10 microns. viability, cell-cycle progression, cell metabolism, and (2) long-term effects on the proliferative/metabolic capacity of exposed cells. Four widely accepted cellular and molecular assays were selected to measure these potentially deleterious effects on cells subjected to different doses of the SR-IR beam. Finally, infrared spectra were also recorded for exposed and non-exposed cells, and were compared in detail to identify possible immediate chemical changes as a result of exposure to the SR-IR beam.
MATERIALS AND METHODS

Cells and cell synchronization.
A human T -1 cell-line from an established aneuploid cell-line derived from human kidney tissue was used in this study. 30 They were selected partly because of their high plating efficiency (> 90%), and partly because they have been previously used as a model biological system in studies of the effects of radiation and oxygen on human cells. [31] [32] [33] [34] [35] The T-1 cells were originally obtained from Dr. ) were plated with 100 µl of a 1 x 10 5 cells/ml cell suspension for SR-FTIR measurements and confirmation of other assays. Cells were incubated in growth medium for two hours (just long enough for the cells to attach) in a 37°C and 5% CO 2 incubator before they were subjected to the tests detailed below.
Synchrotron infrared facility. This work was performed at the infrared spectromicroscopy beamline 1. 
Exposure of individual cells to the synchrotron infrared beam.
Immediately prior to synchrotron infrared exposure, the growth medium was replaced with fresh medium (100 µl per 60 mm dish, or 1 µl per glass slide piece inside the humidified onstage mini-incubator as described earlier). Media plus 10 mM Hepes was added to keep the cells hydrated, and the medium at pH 7.4 throughout the exposure duration.
Every exposure experiment was conducted at 37°C and lasted for less than one hour. To ensure all test and control cells used in this study were synchronized (they were initially para-synchronized), we selected visually in the field of the infrared microscope only those single cells that had the shape and size typical of G 1 -phase T-1 human cells.
The selected cells were exposed to the focused synchrotron infrared beam for a specified duration of 5, 10, or 20 minutes. These times were chosen to greatly exceed the normal exposure time for data acquisition on an individual cell, typically between 20 seconds and 2 minutes. After the allotted time had passed, the beam was switched off, and the next test cell was located. Once completed, fresh growth media was replaced on the dish and it was returned to the standard 37°C and 5% CO 2 incubator.
Both negative and positive control cells were also tested. Negative controls were non-exposed cells located in the same field of the petri dish or gold-coated slide pieces (internal controls), and therefore experienced the same handling. Positive controls were cells that were either exposed to 70% alcohol solution, or allowed to progressively dehydrate as a result of evaporation of the growth medium at the edges of the samples under study.
Alcian blue assay for monitoring short-term effect on cell viability. The standard alcian blue dye-exclusion assay 37 was used to detect if a cell remained viable and has intact membrane 6, 12, and 24 hours after its exposure to the synchrotron infrared beam.
Viable cells are impermeable to the alcian blue molecules, whereas moribund cells are stained dark blue because of the breakdown in their membrane integrity.
This short-term assay relies on the active transport of alcian blue molecules back out of the living cell using energy derived from metabolism at the time of the assay. Test and control cells were incubated for six hours at 37°C and 5% CO 2 with growth medium and then fixed with 3% glutaraldehyde in Milliong's buffer, and 0.3% alcian blue (as stain)
was added to give a final dye concentration of 0.03%. Glutaraldehyde fixation was chosen because it can best preserve structural features of the cell membrane. 37 Individual cells were then revisited with an optical microscope to determine the presence (or absence) of blue color --blue indicates cell death.
Colony-forming assay to test long-term survival.
In addition to the above dye exclusion method of short-term toxicity, we used the standard colony-forming assay 31 to look for any potential effects of SR-IR beam on the long-term survival and proliferation on T-1 cells. This assay began with plating cells at a low density of ~100 per 60 mm diameter petri dish to ensure resulting colonies would not overlap. Test cells were again identified visually in the field of the IR microscope according to their morphological characteristics including cell shape and cell size, and exposed by the synchrotron beam for the appropriate time of irradiation. The media was replaced and the dishes were returned to the standard 37°C and 5% CO 2 incubator and allowed to grow for 10 days.
Colony formation was determined by the following procedure. The cells were fixed and stained with 30% alcohol and 0.2% methylene blue at room temperature for one hour. The stain was then rinsed off, and the dishes were allowed to air dry. The sites of exposed and control cells were revisited under a microscope, and the number of cells that had grown for 10 days after the test event was recorded. Any cell that developed into a colony of at least fifty cells was considered to have maintained reproductive integrity. 31 Any colony of less than fifty cells was considered to suffer from cytotoxic effects from the SR-IR beam. Resultant cell colonies from test and control cells were photographed in an optical microscope using fiduciary guides to relocate the original cells used for the SR-IR exposure. The reproductively proficient fraction of exposed and control cells were compared and the percent surviving fraction was calculated.
BrdU assay for the in situ detection of immediate cell-cycle progression effects.
We evaluated the effect of SR-IR beam exposure on the cell-cycle progression by detecting when exposed and non-exposed T- hours in medium containing tetrazolium salts at a final concentration of 1 mg/ml without phenol red. Cells were then revisited with an optical microscope. Cells that had a blue color were judged to have active mitochondrial dehydrogenases that reduce tetrazolium salt, and thus were metabolically active in this test. Cells that were not blue were considered metabolically inactive.
SR-FTIR spectromicroscopy to look for overall cellular chemical changes.
We used SR-FTIR spectromicroscopy 18 for detecting chemical vibrational mode changes in non-exposed controls and in cells exposed to the SR-IR beam. All SR-FTIR spectra were recorded in the 4000-600 cm -1 region as this mid-IR region contains unique molecular absorption fingerprints for cellular chemistry 38 . Because the CaF 2 window of the on-stage mini-incubator does not transmit IR below 800 cm -1 , some spectra were acquired by removing the CaF 2 windows from the mini-incubator such that data extending to 600 cm -1 could be examined.
Every IR measurement consisted of 128 co-added spectra at a spectral resolution of 4 cm -1
. All spectra were obtained in the double-pass transmission geometry and ratioed to a reference spectrum measured from a bare gold-coated slide, then absorbance values were computed. Residual water vapor and CO 2 spectral features from imperfect purging of the spectrometer and IR microscope were subtracted using an appropriately scaled reference spectrum of air. The acquired spectra for the control and exposed cells were compared in detail to look for any spectral changes which could be caused by the exposure to the SR-IR beam. Table 1 lists the number of individual cells tested by each cytotoxicity assay. Table   2 summarizes the analyzed results of these assays. For each biological assay we photographed the results for control and test cells that had been exposed to the SR-IR beam for 5-, 10-, or 20-minutes. Figures 1-4 show representative photographs for each assay. In no case did we find a result differing with the representative ones shown in the figures.
RESULTS AND DISCUSSION
SR-IR beam has no short-term effect on cell viability.
Alcian blue assays were carried out as described above. As shown in Figure 1 Exposure to SR-IR does not compromise cell-cycle progression. As described above the experiment was designed to specifically answer the question, "Do SR-IR beam exposed cells progress into S-phase at the same time as unexposed control cells?" Cellcycle progression in exposed cells were monitored by the incorporation of BrdU into newly synthesized DNA at 11 hours after cell setup and 10 hours post SR-IR exposure.
Both exposed cells and non-exposed controls had reached the DNA synthetic phase (Sphase) of cell-cycle at this 12-hour observation point. For example, the upper photo in Figure 3 shows an image of 5-, 10-, or 20-minute exposed cells and their neighboring non-exposed controls. The lower photo in Figure 3 shows that all three exposed cells as well as the controls have incorporated BrdU into the DNA, which is identified by the double color labeling of red for BrdU and blue for DNA. The similarities among these immunofluorescent staining of BrdU (and DAPI) labeled cells indicate that the exposed cells are not compromised in their ability to enter their S-phase in the cell cycle after exposure to the SR-IR beam. Furthermore, the lack of detectable uptake of BrdU into DNA in exposed and control cells at 6 or 24 hours after their release demonstrates that the cell-cycle progression of SR-IR exposed cells remains uninterrupted.
ATP and NAD
+ -associated metabolic activity is not impaired by the SR-IR beam.
The two-hour MTT assay was carried out as described above on exposed, negative, and positive controls. Representative photos of the results are shown in Figure 4 . Cells exposed for 20 minutes and nearby non-exposed controls show similar purple-blue stain.
On the contrary, tetrazolium salt solution remained yellow in the killed (positive) controls with no purple-blue stain uptake. Results were identical for 5-and 10-minute exposures.
This implies that both the exposed and negative control cells produced mitochondrial dehydrogenases during the two-hour MTT assay. Mitochondrial dehydrogenases are associated with the ubiquitous metabolic pathway of glycolysis 39 that generates the critical biomolecules of ATP and NAD + . These results indicate that the SR-IR beam has negligible effects on this important metabolic pathway which provides energy to cells. Figure 5 shows spectra acquired for two nearby cells, one non-exposed and one that w as exposed to the SR-IR beam for 30 minutes prior to data acquisition. The IR spectra were acquired using the synchrotron source for 70 seconds (128 co-added scans) as Table 2 . A summary of results from the cytotoxicity assays for SR-IR exposed cells compared to negative and positive controls. 
SR-FTIR spectra indicate no changes in chemistry inside exposed cells.
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